ABSTRACT In central Brazil, recolonization of burned cerrado areas by leaf-miners on Roupala montana (Aublet) and Tabebuia ochracea (Chamisso) and leaf-gallers on Andira humilis (Martius) begins 6 Ð7 wk after burning, and is simultaneous with the sprouting of new shoots of the insectsÕ host plants. The most abundant R. montana leaf-miner used mostly young red leaves, whereas the others were only seen on green expanding leaves. The recolonization of burned areas was mainly exogenous, although some life-cycle adapted species lived through the Þre and recolonized endogenously. The gallers from A. humilis and miners from T. ochracea also showed distributions that resulted from exogenous recolonization. Availability of young leaves may be driving the dispersal of one Tineoidea leaf-miner, because these prefer to oviposit on very young nonexpanded R. montana leaves. Adaptations of leaf-miners and gallers to survive a Þre may include pupating Ͼ2Ð3 cm below ground or feeding on leaves above the scorch height. Delayed recolonization 1 km away from the borders of the burned area suggests that large burnings may cause a loss of diversity and that the time for recovery of a burned area is dependent on the dispersal capacity of the organisms.
FIRE IS ONE of the major agents of disturbance in tropical savannas, determining to a great extent the vegetation structure and consequently the structure of the whole community (Coutinho 1982 , Frost 1984 , Walker 1987 , Ramos 1990 , Durigan et al. 1994 . Fire and herbivory also interact to change the vegetation structure (Frost 1984) . Fire kills organisms, modiÞes reproductive rates, and changes the availability of resources, thereby, altering the competitive relationships between organisms (Frost and Robertson 1987) . Herbivory by endophagous insects may be more intense on fast growing plant parts (Price 1991) . The vigorous regeneration of plants after a Þre is argued to produce a high quality plant stock free for herbivore attack, where insects Þnd plants with lower chemical defenses and higher nutritional content (Raw and Hay 1985, Prada et al. 1995) . It is further supposed that herbivorous insects should beneÞt from these vigorous plants, which would enhance their reproductive performance. However, leaf-miners may not support this idea because the plant selected by an ovipositing female leaf-miner may not be critical for the survival of the offspring (Auerbach and Simberloff 1989 , Valladares and Lawton 1991 , Marini-Filho et al. 1997 . Gallers, in their turn, are more selective and usually choose fast growing plant modules for oviposition (Craig et al. 1989 , Vieira et al. 1996 .
Natural burns in cerrado areas are set by lightning and occur mainly in the end of the dry season (Coutinho 1982) . In natural areas, many large burns may occur as a result of the activity of cattle farmers who usually torch their grassÞelds to renew the pastures. These may burn for weeks because of inefÞcient land management practices. In these situations, Þre is known to kill many organisms including plants (Ramos 1990 ) and mammals (Silveira et al. 1998) . Ramos (1990) showed that a particularly strong Þre in an area protected from burns for 15 yr caused mortality only in the smaller size classes of the vegetation, concluding that frequent Þres may cause a thinning of the vegeation. Resprouting of the cerrado vegetation after a Þre is rapid and general. Grasses usually cover the blackened area Ͻ1 mo after and broad-leaved plants start regenerating from 8 to 10 wk after the burn. However, Þre management can be beneÞcial mostly to herbivores if it is applied at the right time and scale.
The data on recolonization of burned cerrado by animals are scarce (Morais and Benson 1988) . There are few examples of studies on the effects of Þre on insects in any Þre-tempered ecosystem (e.g., North American prairies, Australian bushes, South African fynbos, and Venezuelan llanos). In this study we tested some possible mechanisms by which leaf-miners and gallers may overcome the hazards of death by Þre and assessed their different strategies to recolonize a burned cerrado in response to the rapid regrowth of the vegetation. We propose the following two nonexclusive hypotheses and explanations leading to these patterns of recolonization. (1) Endogenous recolonization: resident individuals are adapted to the Þre regime, being able to survive as underground pupae or as ßying adults to recolonize the burned area. (2) Exogenous recolonization: the pop-ulation suffers sudden death by Þre and recolonization must be done by immigrant individuals.
Materials and Methods
Study Area and Species. The cerrado vegetation covers an area of Ϸ2 million square kilometers in Brazil, most of it in the highlands of the Central Brazilian Plateau, at elevations from 600 to 1,700 m. The climate is highly seasonal with a pronounced dry season commonly lasting from April/May to September/ October (Kö ppenÕs Aw). The Þrst site studied was the Ecological Reserve of the University of Brasilia, "Fazenda Á gua Limpa" (FAL), nearby Brasṍlia, DF (15Њ 55ЈÐ15Њ 59Ј S, 47Њ 53ЈÐ47Њ 59Ј W), at an elevation of 1,100 m. The predominant vegetation type is an open woodland Ϸ3Ð5 m tall called cerrado sensu stricto (Goodland 1971) . It has a herbaceous layer with many shrubs amid the grass and sparse trees that never form a closed canopy. We studied an accidental burning in the end of the dry season on 7 October 1989, which comprised Ϸ300 ha. The area burned thoroughly, leaving few small (Ͻ5 m 2 ) patches of unburned vegetation. The second study site was Emas National Park (Emas N. P.), nearby Mineiros, GO (17Њ 50Ј Ð 18Њ 15Ј S, 52Њ 30Ј Ð 53Њ10Ј W), at an elevation of 750 m. The predominant vegetation is a tall grassland called "campo cerrado," dominated by a 2.5 m tall grass, Tristachya leiostachia Nees. At this site we studied an even larger burn that occurred early in the dry season during the Þrst week of April 1990. Almost no patch of vegetation remained unburned, and the Þre stopped at a dirt road 3 m wide. The area on the other side of the road suffered its last burn 2 yr before.
The plants studied were three common perennial shrub species (one species at FAL and two species at Emas N. P.) that were attacked by at least one species of leaf-miner or galler. At FAL we studied Roupala montana Aublet (Proteaceae), which supports a large herbivore fauna including nine leaf-miner species (O.J.M., unpublished data). This is one of the most abundant plants in all cerrado physiognomies, also occurring at the edges of dry gallery forests at FAL (Ratter 1991) . Flowering R. montana plants range from 1.5 to 4 m tall, with Ͼ90% of the whole population consisting of nonßowering individuals between 0.4 Ð 1.2 m tall. Leaf-buds are red and young leaves are red or light green and extremely pubescent with reddishbrown trichomes. Fully expanded leaves have a major length of 10 Ð15 cm in a chordate shape with serrated borders, maintaining trichomes only on the abaxial surface.
Leaf-miners were identiÞed by the shape of the mines and larval characters. The most common was a microlepidopteran in the Tineoidea superfamily (ÔTin1Õ). The shape of this mine is easily distinguished from the others because its borders resemble cumulus clouds. It comprised 88% of the leaf-miners found in the burned area at FAL. The second most common leaf-miner, a microlepidopteran also in the Tineoidea (ÔTin2Õ), builds a Þlamentous mine ending in a wide vesicle. Two other leaf-miners were found in the burned area. One makes a semicircle zigzag beginning at the border of the leaf, increasing the radius toward the midrib, leaving dead leaf tissue at the borders (ÔZigzagÕ). The other leaf-miner begins in the axis between the midrib and a vein, building a sac with margins delimited by two veins (ÔSacÕ) (illustrations will appear elsewhere, O.J.M. and B.F. Dias, unpublished data).
Because of difÞculty in rearing leaf-miner larvae that frequently died from fungal attack some days after the branches were collected, we may have incurred two types of possible error in the analysis: (1) more than one mine pattern corresponding to the same species, or (2) one mine pattern corresponding to more than one species.
At Emas N. P. we studied the gregarious shrub Andira humilis Martius (Leguminosae, Papilionoideae) which is abundant in the open cerrados of the park and was heavily attacked by a Cecidomyiidae leaf-galler in conjunction with grasshoppers ( Fig. 1 ). These plants occur in patches usually of tens to hundreds of shoots 20 Ð 40 cm tall, commonly spread over a diameter of 1Ð 6 m. Leaves usually are composed of four to seven pairs of opposed leaßets with a bigger terminal one. Young leaßets are red and very soft. Fully expanded leaßets have a major length of 6 Ð 8 cm in an oval shape and glabrous surfaces.
The other plant studied at Emas N. P. was Tabebuia ochracea (Chamisso) Standley (Bignoniaceae), which is also a very common shrub in the park. It was attacked much less than A. humilis, showing only a few leaf-miners on the leaf surface. Plants at this site are usually small, 20 Ð 60 cm tall, but may grow to tree size in other habitats. Their leaves contain Þve digitate leaßets. Fully expanded leaßets are oval and usually have a major length of 4 Ð10 cm. Young leaves have higher trichome density, are light green, and are softer than fully expanded leaves (Ribeiro et al. 1988 , Ribeiro et al. 1994 . Fully expanded leaves become very tough with cistoliths of calcium carbonate secreted by the trichomes. Just before the burn, T. ochracea plants should have been bearing only mature leaves (Ribeiro and Pimenta 1991) . When voucher specimens were available, these were deposited at the entomological collection of Reserva Ecoló gica do IBGE. All other leaf-miners and gallers were photographed and drawn to keep the records of morphospecies.
Sampling During Recolonization. We followed the vegetationÕs regeneration twice a week after the Þre to discover the best time to conduct our sampling. The recolonization of the burned area began in all cases simultaneously with the sprouting of new leaves on the host plants. We sampled FAL and Emas N. P. 10 and 7 wk after the burnings, respectively. At FAL we set up three 20-m linear transects separated 100 m from one another at the border of the burned area (10 Ð20 m from the edge), three at 500 m, and three at 1,000 m, all of them were parallel to a dirt road (Fig.  2) . We sampled all the leaves (see Table 1 for estimates of plant sizes) from 20 plants within two m at both sides of each of the nine transects, totaling 60 plants at each distance. At Emas N. P. we collected 100 leaves per plant species in each transect at each distance, totaling 300 leaves per plant at each distance. In this site the distances of the transects were border, 200 and 350 m. We also set a transect in the border of the unburned area. We counted the number of miners or gallers for each leaf sampled, identifying and separating them into morphospecies.
Data Analysis. We tested the differences in mine and gall abundance between groups of transects with one-way analysis of variance (ANOVA). We used plants within transects as the sampling units. We calculated the total number of mines, leaves with mines and total number of leaves per plant, then grouped the three transects at the same distance from the border to test for differences in abundance of mines and galls between distances. When ANOVA showed no differences between border and interior, we interpreted the results as evidence of endogenous recolonization; and when the test showed signiÞcant differences (densities decreasing toward the interior of the burned area), we interpreted them as indicating exogenous recolonization.
Results
Larvae of Tin1, Zigzag, and Sac usually pupate inside the mine or roll the edge of the leaf. Twice we observed Tin2 abandoning the leaf, falling to the ground, and pupating 1 and 3 cm below ground level in laboratory cages in which 3 cm of soil were placed on the bottom. Tin1 commonly explored young red leaves, with oviposition being found even on very young leaf buds smaller than 1 cm. The other leafminers occurred only on green expanding or already expanded leaves.
At FAL, there was a 10-fold difference in overall abundance between the most abundant, Tin1, and the second most abundant leaf-miner, Tin2 (Table 1) . Tin1 showed a pattern consistent with endogenous recolonization, without any decrease in mine density from the border to the interior of the burned area (F ϭ 0.179; df ϭ 2, 174; P ϭ 0.836). Conversely, Tin2 showed a strong exogenous pattern of recolonization (F ϭ 3.769; df ϭ 2, 174; P ϭ 0.025). Zigzag was scarce in the study area and it showed a weak, nonsigniÞcant pat- Numbers in parentheses are the total number of mines found per group of three transects at the same distance from the border and in squared brackets are the numbers of leaves sampled in each group.
*, Probability of difference between border, 500 m, and 1,000 m samples for each morphospecies.
tern of exogenous recolonization (F ϭ 1.610; df ϭ 2, 174; P ϭ 0.203). Sac was also rare in the study area, therefore we cannot infer much about its recolonization pattern, although four individuals were found 1,000 m inside the burned area, suggesting that this species may show adaptations to keep safe progeny in the burned area (Table 2) . Both gallers and miners at Emas N. P. showed distributions consistent with an exogenous pattern of recolonization. The abundance of galls accumulated in the old leaves found in the adjacent unburned area was rapidly matched at the edge of the burned area only 7 wk after the Þre (Table 3 ). The decreasing density of insects was also followed by a decreasing proportion of leaves attacked in all situations studied, except from leaves attacked by Tin1 at FAL (Tables 1  and 3) . A. humilis at Emas N. P. had 43% of their leaves attacked, which was even greater than that observed in the adjacent unburned area. Nevertheless, only a very small percentage of leaves of T. ochracea was attacked (Table 3) . Although the overall percentage of R. montana leaves attacked at FAL was much smaller than in A. humilis at Emas N. P. (8.0%), it was also higher at the border. The proportion of plants attacked followed the same pattern found for an exogenous recolonization (Table 1) .
Discussion
One of the greatest problems for the conservation of natural areas in the wet-dry tropics today is the widespread occurrence of artiÞcial burns. These are set mostly in the middle of the dry season when it is more difÞcult to control the Þre front, thus usually reaching catastrophic proportions. Every year considerable proportions of National Parks in central Brazil burn, therefore killing many animals.
The decline and subsequent recovery of animal populations after a Þre depends on the life history of the organism, its microhabitat (whether it lives in the soil, litter or vegetation) and on the characteristics of that particular burn. More intense burns may cause more damage to large surface arthropods than light burns do (Whelan 1995) . These suffer high mortality and reinvade the recovering vegetation from nearby unburned areas (Whelan and Main 1979) . Moreover, large burns that eliminate all plant matter during 5Ð7 wk may extinguish local herbivore populations, from small insects to large mammals (Robinson 1977) . This pushes animals to search for food in other areas and to recolonize the burned area from adjacent sites (Rodrigues 1996) .
The distribution patterns shown by Tin1 and Tin2 were consistent with endogenous and exogenous recolonization, respectively. However, these were opposite of what was expected, considering their pupation strategies. Tin2 pupae that stayed underground inside the burned area probably were not affected by the slight warming up of the soil during the burn (Miranda et al. 1993) , so that they were in a safe place to complete their life cycle.
The fast recolonization of burned areas by herbivores is either a result of populations being year-round in the area because of continuous generations or of Þre breaking the diapause and giving a clue for the insects to colonize the area with renewed resources.
Tropical leaf-miners that feed on perennial plants may be univoltine or more commonly multivoltine, because they are offered extended resource availability, thus being able to produce more generations (Hespenheide 1991) . These have never been demonstrated to enter diapause during the unfavorable season, although this is very likely to happen to soil dwelling animals during the dry season in the wet-dry tropics as suggested by Tauber et al. (1998) . However, if leafminers have a diapause period, this may be set to be broken only with the coming again of the rains when plants sprout with new leaves (October for T. ochracea; Ribeiro and Pimenta 1991) . Dormant insects could use some chemical cue to reactivate their life cycle as is known for the temperate leaf-mining moth Lithocolletis quercus feeding on Quercus calliprinos (Auerbach and Simberloff 1989) . It is likely that rainfall plays a major role in the breaking of dormancy of cerrado insects that pupate underground, as no photoperiod alteration could be detected under the soil. In parentheses are the percentages of leaves attacked. Ñ, T. ochracea plants in the unburned area retained only few senescent leaves that were not analyzed.
Although Tin2 did have underground pupae able to survive the Þre, it showed an exogenous pattern of recolonization. This and the fact that Tin2 larvae have been found almost year round in Brasilia, DF and other cerrado sites suggest that this population has continuous generations. All other leaf-miners observed in the current study seem to have continuous generations or to have active adults during the dry season, otherwise they would not be the actual recolonizers. The other Þve species of leaf-miners known to feed on R. montana were not observed in this study suggesting that they may not have active descendants during the dry season.
Micro-lepidopteran adults are short lived, so insects that were active during the burn are unable to survive until the plants sprout (six to seven weeks after the Þre). Consequently, these surviving individuals must leave the burned area to mate and lay eggs during the next few weeks after Þre, and the recolonization of the burned area must be effected later by immigrant or buried individuals. Few nonsocial insects stay in the adult stage during the dry season (Diniz 1997) , although social insects usually do not suffer signiÞcant changes in their adult populations (Morais and Benson 1988) . Insects that are able to remain as adults seem to proÞt from eventual catastrophic burns in other areas.
If miners pupate above ground they run the risk to die during a burn, unless they happen to be on islands of vegetation that do not burn (not the case of the current study) or in the layer higher than the scorch height, which is around three m in the open cerrado. Above this height, the temperature variation probably is not enough to kill larvae, as can be deduced by the maintenance of leaves after the Þre (Marini-Filho, unpubl. data). The temperature 2 cm below ground during a Þre in the same area increased only from 29 Ð38ЊC, and 5 cm below ground it reached only 32ЊC, while air temperatures 60 and 160 cm above ground reached 650 Ð 840ЊC (Miranda et al. 1993) . Because adult microlepidoptera and other leaf-miner taxa commonly have life spans from a few days to 2 wk (Hespenheide 1991), we hypothesize that the only way by which leaf-miners could leave descendants inside the burned area would be by pupating at least 2Ð3 cm underground, where the temperature variation during the Þre is not enough to kill them. An experiment with traps set to capture hatching insects could show if leaf-miners and other herbivores are able to recolonize the burned area immediately after the Þre by leaving descendants in the pupal stage buried in the ground.
The rapid sprouting of certain plant species after a Þre in a cerrado area is invariably followed by intense attack by insect herbivores (Raw and Hay 1985 , Prada et al. 1995 , Vieira et al. 1996 . Stein et al. (1992) showed also that the disturbance of vegetation can have strong effects on herbivores, and that Þre is an important factor in stimulating plant growth. This would beneÞt some herbivores that depend on high quality plant tissues for survival of their offspring. Thus, it is not surprising that in the cerrado vegetation, certain insect herbivores respond opportunistically to the postÞre period recolonizing very rapidly the vigorous regrowth of their host plants. Therefore, the herbivores most beneÞted by small scale burns will be those with continuous generations and fast life cycles that have nondiapausing descendants widely distributed in open cerrado formations during the dry season.
